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An important consequence of increased myocyte ROS may be decreased sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA) activity. In animal models of pressure overloadinduced heart failure the activity of SERCA is decreased and contributes to depletion of sarcoplasmic reticulum calcium stores, decreased intracellular calcium transients, and impaired contractile function (12, 14, 15, 25, 26) . The importance of impaired SERCA function in pressure overload is supported by the observation that increasing myocardial SERCA levels corrects calcium handling and myocardial function (9, 14, 22, 25) , whereas SERCA ϩ/Ϫ mice have accelerated progression to failure (31) .
Decreased SERCA activity in pressure overload is often associated with decreased expression of SERCA (26) . However, there is increasing recognition that SERCA activity can also be inhibited by irreversible oxidative post-translational modifications including sulfonylation at cysteine 674 and nitration at tyrosine 294/5 (1, 18, 28, 38) , which might act alone or in concert with a decrease in protein expression, to limit SERCA activity. Therefore, our second goal was to test whether pCAT can prevent SERCA oxidation and rescue SERCA function in mice with pressure overload due to aortic constriction.
METHODS

Experimental animals.
Transgenic FVB/N mice with myocytespecific overexpression of catalase in the cytosolic compartment (pCAT) (16, 20, 39) and wild-type (WT) FVB/N mice were used in this study. The protocol was approved by the Institutional Animal Care and Use Committee at Boston University School of Medicine.
AAC. The surgical procedure was performed as we have described (17) . Briefly, 10-wk-old male WT and pCAT mice were anesthetized by an intraperitoneal injection with pentobarbital (50 mg/kg), and the chest was shaved. Animals were intubated with a 20-gauge intravenous catheter, ventilated on a rodent respirator (Harvard Apparatus, Holliston, MA) with a tidal volume of 0.2 ml at a respiratory rate of 130 breaths/min. The thorax was opened by an anterolateral thoracotomy, and AAC was performed by tying a 7-0 silk suture around the ascending aorta and a 27-gauge needle, which was then promptly removed after ligation. The chest was closed and mice were allowed to recover on a warming pad until they were fully awake. Shamoperated mice underwent a similar procedure without ligation of the ascending aorta.
Echocardiographic measurements. LV dimensions and function were measured in nonanesthetized mice shortly before surgery and 1, 2, 4, 8, and 12 wk after surgery using an Acuson Sequoia C-256 echocardiograph machine equipped with a 15-MHz linear transducer (model 15L8) as we have described (27) . Briefly, the heart was imaged in the two-dimensional parasternal short-axis view, and an M-mode echocardiogram of the midventricle was recorded at the level of papillary muscles. Anterior wall thickness (AWT), posterior wall thickness (PWT), LV end-diastolic dimension (EDD) and end-systolic dimension (ESD) were measured from the M-mode image. LV fractional shortening (FS) was calculated as (EDD Ϫ ESD) / EDD ϫ 100.
Exercise capacity. Maximal exercise capacity was tested 12 wk after surgery by using a rodent treadmill with air puff motivation, as we have described (3). Exhaustion is defined as the point at which the animal cannot keep pace with the treadmill (within 15 s) despite air puff motivation. Maximal exercise capacity was calculated as the total distance run by the animal.
Organ weight and histology. Mice were euthanized 12 wk after surgery. Heart, LV with septum, lung, and liver were weighed. LV samples were fixed in 10% buffered formalin, embedded with paraffin, and sectioned. To assess myocyte size, sections were stained with hematoxyline and eosin and examined under a light microscopy (BX 40; Olympus). Five random fields from each of four sections per animal were analyzed so that 60 myocytes per animal were measured. Myocyte cross-sectional area was measured using National Institutes of Health (NIH) ImageJ software as we have described (27) . To assess fibrosis, sections were stained with Masson's trichrome kit (Sigma) and examined under a light microscope (BX 40; Olympus).
Terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling staining. Apoptosis was assessed using an In Situ Cell Death Detection Fluorescein Kit (Roche Applied Science, Indianapolis, IN) according to the manufacturer's instructions, as we have described (27) . Briefly, LV sections were incubated with the reaction mixture containing terminal deoxynucleotidyl transferase and fluoresceinlabeled dUTP. To identify cardiomyocytes, sections were incubated with monoclonal antibody to mouse anti-␣-sarcomeric actin (SigmaAldrich, St. Louis, MO) and incubated with goat anti-mouse IgG conjugated TRITC (Sigma). totic and apoptotic), sections were stained with Hoechst 33258. Terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling (TUNEL)-positive myocytes were identified by colocalization fragmented nuclear DNA, nuclei (Hoechst 33342), and ␣-sarcomeric actin. Specificity of the technique to detect DNA fragmentation was documented by positive labeling of nuclei after exposure to DNase I, and lack of labeling when terminal deoxynucleotidyl transferase was omitted from the enzymatic reaction. The samples were analyzed under a fluorescence microscope (Diaphot 300; Nikon). Four sections per animal were analyzed, and cardiomyocyte nuclei were determined by random counting of 10 fields per section. The number of apoptotic nuclei was calculated per 10,000 cardiomyocytes.
Immunohistochemistry. Myocardial 3-nitrotyrosine (NY) and 4-hydroxy-2-nonenal (HNE) were assessed, as we have described (27) . Briefly, LV tissue sections (4 m) were blocked with 10% goat serum in phosphate-buffered saline, incubated with rabbit anti-3-nitrotyrosine polyclonal antibody or mouse anti-4-HNE monoclonal antibody, and then incubated with goat biotin-conjugated anti-rabbit IgG or goat biotin-conjugated anti-mouse IgG (Vector Laboratory, Burlingame, CA). The sections were incubated with avidin and biotinylated horseradish peroxidase macromolecular complex (Vector Laboratory) and stained with 3-amino-9-ethylcarbazole (Vector Laboratory) and hematoxylin (Vector Laboratory). For negative control, the primary antibody was omitted instead of normal rabbit IgG or normal mouse IgG. The samples were examined under a light microscopy (BX 40; Olympus). Ten color images of NY or HNE staining were randomly selected from four sections of the heart and photographed at a magnification of ϫ40. The area and intensity of staining were scored in a blinded manner for quantification as follows: 0, no visible staining; 1, faint staining; 2, moderate staining; and 3, strong staining.
Oxidative post-translational modifications of SERCA. Oxidative modifications of SERCA were assessed by immonohistochemical staining using site-specific antibodies that detect SERCA sulfonic acid at cysteine 674 or nitrotyrosine at tyrosine 294/295, as we have described in mouse myocardium (18, 36, 38) .
SERCA mRNA and protein. Frozen hearts were ground under liquid nitrogen, and total RNA was extracted with a mirVana miRNA Isolation Kit (Applied Biosystems). Total RNA was treated with DNAse before cDNA synthesis with the High Capacity RNA-to-cDNA Kit (Applied Biosystems). Quantitative PCR was performed with TaqMan Universal PCR Master Mix and TaqMan primers (Applied Biosystems) specific for mouse SERCA2a (Mm01201431_m1) and GAPDH (4352339E) using the Applied Biosystems Step One Plus Real Time PCR System. Data is normalized to GAPDH using the equation 2exp-(CT target gene-CTGAPDH) and expressed as arbitrary units.
Immunoblotting for SERCA protein, hearts were homogenized in lysis buffer (1% Triton X-100, 0.5% Nonidet P-40, 10 mmol/l Tris, 1 mmol/l EDTA, 1 mmol/l EGTA, 150 mmol/l NaCl, 0.4 mmol/l PMSF, 0.2 mmol/l sodium orthovanadate, and 1 g/l leupeptin). Protein concentration was determined using Bradford assay (Bio-Rad). Equal amounts of total protein were separated by SDS-PAGE on 10% gels and transferred to nitrocellulose membrane. The following primary antibodies were used: mouse monoclonal anti-SERCA2 (Affinity Bioreagents) and rabbit polyclonal anti-GAPDH antibody (Abcam). Protein-primary antibody complex was detected by using infrared-dye conjugated goat polyclonal antibody IRDye 680 or IRDye 800 (LICOR Biosciences) and scanned with LI-COR Odyssey Infrared Imaging System. SERCA activity. Maximal calcium-stimulated SERCA activity was measured in myocardium as we have described (18) . Briefly, LV myocardium was homogenized on ice by sonication in Tris·sucrose homogenization buffer [8% (wt/vol) sucrose in (in mM) 3 Tris·HCl, pH 7.0, 1 PMSF]. The homogenate was centrifuged for 5 min at 4,000 rpm, and the protein concentration of the supernatant was determined by Bradford assay. Samples were pretreated with and without 10 M of the SERCA inhibitor, thapsigargin. Calcium uptake was initiated by the addition of sample to assay buffer of (in mM 
RESULTS
Myocyte pCAT alleviates myocardial oxidative stress. Myocardial oxidative stress was assessed by measuring oxidantmediated HNE and NY protein modifications. In WT mice, AAC caused marked increases in HNE and NY staining, both of which were labeled diffusely over myocytes (Fig. 1) . In pCAT mice, the levels of HNE and NY were decreased to levels similar those in sham-operated mice, indicating that increased oxidative stress in mice with AAC is attributable at least in part to H 2 O 2 and is effectively mitigated by pCAT. Myocyte pCAT attenuates myocardial hypertrophy. In WT mice, LV wall thickness measured by echocardiography increased 1 wk after AAC, increased further at 3 wk, and remained constant to slightly decreased over weeks 4 through 12 (Fig. 2) . In pCAT mice, increased LV wall thickness with AAC was decreased by ϳ32%. Likewise, heart weight (ratio of heart to body weight) in WT mice was increased 12 wk after AAC (vs. sham-operated WT mice), and the increase was attenuated by ϳ28% in pCAT mice (Table 1) sectional area measured histologically was increased in WT mice with AAC, and the increase was partially (60%) attenuated in pCAT mice (Fig. 3) . Myocardial fibrosis, assessed by Masson's trichrome staining, was increased in WT mice with AAC and was markedly decreased in pCAT mice (Fig. 4) .
Myocyte pCAT prevents progression to LV failure. In WT mice, ACC caused progressive LV dilation and systolic failure as assessed by echocardiography. LV EDD and LV ESD increased progressively beginning 1 to 2 wk after AAC, in association with a decrease in LV FS (Fig. 2) . Myocytespecific overexpression of pCAT attenuated both LV dilation and the decrease in FS. Myocyte apoptosis, a major mechanism responsible for LV failure with AAC (10), was assessed by measurement of TUNEL staining. The frequency of TUNELpositive myocytes increased approximately eightfold in WT mice after AAC, and the increase was markedly decreased by pCAT (Fig. 5) .
In WT mice, AAC caused functional heart failure as reflected by an ϳ60% decrease in maximal exercise capacity, which was partially corrected by pCAT (Fig. 6 ). Lung weight (wet/dry) was increased by AAC in WT mice, indicative of lung congestion, and the increase was attenuated in pCAT mice (Table 1) . Likewise, pleural effusions were present in 90% of WT mice surviving 12 wk after AAC, but were present in only 6% of pCAT mice, and absent in sham-operated WT or pCAT mice. Survival rate at 12 wk was 100% in sham-operated mice, 45% in WT with AAC, and was increased to 75% in pCAT mice with AAC (Fig. 6) .
Myocyte pCAT prevents oxidative modification of SERCA. Oxidative modifications of SERCA were assessed immunohistologically using site-specific antibodies for oxidatively modified SERCA with sulfonic acid at cysteine 674 (SERCA-C674-SO 3 H) (38) or nitrotyrosine 294/295 (SERCA-N294/ 295-Y) (36) . In sham-operated mice there were low levels of both SERCA-C674-SO 3 H and SERCA-N294/295-Y, and both levels were markedly increased in WT mice with AAC (Fig. 7) . In pCAT mice with AAC, both oxidative modifications of SERCA were decreased to the low levels present in shamoperated mice.
Myocyte pCAT preserves SERCA activity. We have shown that oxidative modifications of SERCA are associated with decreases in Ca 2ϩ uptake activity (18, 28, 38) . Therefore, SERCA activity was assessed by measuring maximal calciumstimulated 45 Ca 2ϩ uptake. In WT mice, AAC caused a ϳ46% decrease in SERCA activity (vs. sham-operated mice), which was restored, at least partially, in pCAT mice (Fig. 8A) .
SERCA mRNA levels were not affected by AAC or pCAT (Fig. 8B) . SERCA protein levels were decreased by AAC but were not affected further by pCAT (Fig. 8C) , suggesting that the increase in SERCA activity with pCAT is mediated at the post-translational level.
DISCUSSION
There are two major new findings in this study. First, we show for the first time that cardiac myocyte-restricted expression of pCAT effectively ameliorates the structural and functional consequences of chronic hemodynamic overload. This finding suggests that sarcoplasmic ROS in the cardiac myocyte plays a central role in mediating the effects of hemodynamic overload. Second, we show for the first time that chronic hemodynamic overload causes oxidative modifications of SERCA that are associated with decreased activity and that both SERCA oxidation and function are improved by pCAT in the absence of changes in transcript or protein expression. This finding provides a new mechanistic basis for impaired calcium regulation and myocyte function in chronic hemodynamic overload, and further identifies SERCA as an important target of ROS that can be mitigated by sarcoplasmic pCAT.
pCAT effectively inhibits hypertrophy and progression to failure. In WT mice AAC initially led to LV hypertrophy followed by progressive chamber dilation and contractile failure, associated at the cellular level with myocyte hypertrophy and apoptosis. LV hypertrophy and failure were inhibited in pCAT-expressing mice, as were myocyte hypertrophy and apoptosis. The functional importance of these effects of pCAT is supported by the concomitant findings of improved exercise function, decreased lung congestion, and improved survival. Thus pCAT effectively ameliorates the effects of hemodynamic overload on myocardial structure and function.
The effects of pCAT that we observed are qualitatively and quantitatively similar to those observed in this model in transgenic mice with total body overexpression of mCAT (6) . The localization of catalase in the pCAT mouse used in our study was determined by electron microscopy, which showed that the pCAT is expressed primarily in peroxisomes, sarcoplasm, and nucleus but is not expressed in mitochondria (39) . Conversely, the mCAT mouse was shown to express catalase only in mitochondria (7) . The comparable effectiveness of mCAT and pCAT in pressure overload suggests that both catalase locations have access to ROS that ultimately reaches critical target molecules located in the sarcoplasm. These experiments do not identify the source of the ROS, which might originate in mitochondria (7) and/or from one or more sarcoplasmic sources including uncoupled endothelial nitric oxide synthase (33), NOX2 (13), or xanthine oxidase (37) . However, because pCAT does not enter mitochondria our data indicate that scavenging of ROS in the sarcoplasm is sufficient to ameliorate important aspects of the phenotype including hypertrophy, apoptosis, and impaired SERCA activity. This is the first demonstration of the effects of pCAT in AAC or any other model of hemodynamic overload. The transgenic pCAT mouse used in these experiments was one of several lines (line 742) developed by Kang et al. (16) and shown to oppose the cardiac effects of doxorubicin (16) and ischemia-reperfusion (20) . We found that the pCAT mouse ameliorates the pathologic phenotype in G␣q-overexpressing mice (5, 27) . Although we did not assess the antioxidant effectiveness of pCAT in this study, in the Gaq mouse pCAT corrected the GSH-to-GSSG ratio to normal (27) . Our observations in the G␣q mouse differ from a report by Dai et al. (7) who found no benefit with a different pCAT mouse. These discrepant results may reflect the use in their experiments of a different line of pCAT mice (line 776) and/or the mixed background of their mice as opposed to the pure FVB background in our study. We also found that pCAT mice have less LV hypertrophy and diastolic dysfunction with age (28) .
pCAT protects SERCA function. A major finding of this study is that decreased SERCA activity after AAC was partially prevented by pCAT. Myocardial SERCA activity is decreased in pressure overload leading to sarcoplasmic reticulum calcium depletion, abnormal calcium transients, and impaired systolic and diastolic function at the myocyte level (15, 26) . These abnormalities are ameliorated by transgenic overexpression of WT SERCA (14, 25) and worsened in SERCA ϩ/Ϫ mice (31). Likewise, viral expression of SERCA improves LV function in rats with hemodynamic overload (22) , aging (30) , and other models of heart failure (24) , and has led to the investigational use of virally mediated SERCA expression in patients with heart failure (40) . Decreased SERCA activity in pressure overload has generally been attributed to decreased protein expression (26) , and consistent with prior observations, the expression of SERCA protein was decreased with AAC in our study. However, because neither SERCA protein nor mRNA expression was affected by pCAT, the pCAT-induced increase in activity cannot be attributed to increased SERCA levels. In contrast with most other studies in mice with aortic constriction (15) , in our study the decrease in SERCA protein was not associated with a decrease in mRNA, possibly reflecting increased protein degradation.
SERCA activity can also be regulated by OPTM. Low concentrations of ROS activate SERCA via reversible glutathiolation of cysteine 674 (2, 19) , and this activation is inhibited by higher concentrations of ROS that irreversibly oxidize this cysteine (18, 28, 38) . Using site-directed antibodies to identify sulfonic acid at SERCA cysteine 674 and nitrotyrosine at tyrosine-294/5, we found that AAC increases both oxidative modifications, and that both are prevented by pCAT. The observation that pCAT corrects SERCA OPTM and restores SERCA activity in mice with AAC, without increasing SERCA expression (i.e., WT-AAC vs. CAT-AAC), strongly supports the thesis that pCAT increases SERCA activity by decreasing inhibitory oxidative modifications. The ability of pCAT to decrease SERCA oxidation is consistent with the ability of H 2 O 2 to diffuse across membranes, and in this case, into peroxisomes, which may act as an antioxidant 'sink= in the sarcoplasm.
In summary, the ability of pCAT to protect the myocardium from the cardinal features of hemodynamic overload supports the utility of protecting sarcoplasmic targets from ROS. In this regard, we show that SERCA is an important target of ROS that contributes to the pathophysiology of hemodynamic overload and is protected by pCAT. Improved SERCA function has potentially important consequences for cardiac excitation/contraction (15) . In addition, by affecting endoplasmic reticulum calcium stores, SERCA may play a role in a variety of other biologic processes including endoplasmic reticulum stress, the unfolded protein response, growth signaling, and apoptosis (11) . These findings expand our understanding of the mechanisms by which ROS mediate heart failure, suggest that prevention of target protein oxidation may be a useful therapeutic approach, and have implications for the optimal repletion of SERCA in failing myocardium. 
